The combustion kinetics of biomass-cotton stalk (CS), polymer-polypro-pylene (PP) and blend of polymer/biomass-polypropylene/cotton stalk blends were examined through thermo gravimetric analysis in this study. The experiments were performed under non-isothermal conditions in the 298 -873 K temperature interval. The heating rate of this research realized under the air atmosphere was designated as 5 K·min −1
raw textile material. In addition cottonseed is an important source of vegetable oil.
Cotton straw and stalk pyrolysis under different conditions was investigated by Pütün [1] . The highest yield 39.51% was obtained at 550˚C final temperature.
Pütün et al. [2] have studied pyrolysis of cotton stalk for determining the main characteristics and quantities of liquid and solid products. Six inorganic compounds have been investigated by Jun et al. [3] with regard to their catalytic effects on pyrolysis of three biomass species by thermal analysis experiments.
Co-combustion of coal and non-recyclable paper and plastic waste in a fluidised bed reactor was investigated by Boavida et al. [4] . Results obtained indicate that the feeling of waste materials plays an important role to achieve conditions for a stable combustion. Excess air and temperature are found to be important parameters. Halogen emissions are found to be very low.
The possibility of collecting cotton stalks and using them for energy production was investigated by Gemtos and Tsiricoglou [5] . It is proved that the feasibility of harvesting cotton stalks using conventional machinery giving the possibility to collect energy material with a total energy content of 500,000 tons of oil equivalent at national level. A generalized pyrolysis model for the oxidative pyrolysis of wood was investigated by Lautenberger and Fernandez-Pello [6] . It was found that the specific heat capacity for wet wood, dry wood and char falls between literature values for generic wood and specific data for white pine.
Thermogravimetric analysis (TGA) is one of the most commonly used techniques to study the primary reactions of decomposition of solids. Oxidation of carbonaceous solid fuel is dependent on the concentration of oxygen. [7] [8] [9] .
The thermal decomposition kinetics of biomass samples were investigated by several researchers [10] [11] [12] [13] .
At the present, plastics compose approximately 10% of the total waste stream in terms of mass. One of the methods to overcome this type of waste that is not biologically degradable is thermal decomposition. Yields of this process which can all be used for various purposes are not only energy but also gaseous and liquid products [14] [15] [16] .
There has been a recent and growing interest in polymer combustion with materials such as coal, oil shale, biomass and peat [17] [18] [19] [20] [21] . Combined combustion realized with a mix of polymers and biomass can enhance the efficiency of the processing. This method can further ensure an alternative solution to handle the waste problem.
The effect of lignin on the thermal degradation of isotactic polypropylene was studied by Canetti et al. [22] . An increase in the thermal degradation temperature of the blends was observed as a function of lignin content. Maldhure et al. [23] examined the influence of lignin in different amount on the thermal degradation behavior of polypropylene/lignin blends in nonoxidative atmospheres [23] .
In this research, the effect of particle size on the combustion behavior of cotton stalk and combustion behavior of polypropylene (PP)/cotton stalk (CS) mixtures were studied by using a thermo gravimetric analyzer. Within this context, the study aims to obtain an overall understanding on cotton stalk and polypropylene interaction. As a consequence, the kinetic data were obtained to fit thermo gravimetric data with the help of three different models.
Experimental Section

Properties of Cotton Stalk
The cotton stalk studied for this study was taken from Şanlıurfa located in the South-Eastern Anatolia. The ash content of cotton stalk and elemental analysis are shown in Table 1 . Original cotton stalk dried at 106˚C was ground in a ball mill and sieved to four different particle size ranges:(+88-100), (+210-250), (+250-420), (+420-500) µm. Afterwards, carbon, hydrogen, sulphur and nitrogen contents were identified with the help of LECOCHNS-932 instrument. Following this stage, the amount of oxygen was specified from the difference. The resulting data obtained are given in Table 1 . Before, during and after the experiment, samples were stored within sealed containers in room temperature.
Properties of Polypropylene
Polypropylene was used for the combined combustion with cotton stalk. The melting point of (444 K) polypropylene was determined by using differential calorimetry apparatus ("Perkin Elmer Diamond DSC"). The resulting thermogram is shown in Figure 1 . . Blending ratios of polypropylene to (+88-100) µm particle size cotton stalk of 0/1, 2/3, 1/2, and 3/2, 1/0 were performed by weight ratio.
Starting sample weight was approximately 20 mg during the experiments.
Changes of maximum devolatilization rate (DTG m ) and the temperature of maximum devolatilization rate (T m ) were found from the data. Total conversion (TC) values were calculated based on the weight of the moisture-free sample combusted.Experiments were performed twice for repeatability. The results given in Table 2 are the average of at least two experimental runs.
Results and Discussions
Combustion of Cotton Stalk
In order to identify the combustion kinetics of cotton stalk, thermo gravimetric analysis was used. The effect of particle size is showed by TG and DTG data obtained from the experiments performed with (+88 -100), (+210 -250), (+250 -420), (+420 -500) µm particle size Figure 2 and Figure 3 respectively. There are three temperature ranges to be considered for all particle sizes. Below 520 K, the cotton stalk loses moisture and the crystalline structured components of H 2 O decomposes. Hemicellulose contains different kinds of saccharides. It is rich of branches which are not difficult to remove from the main stem as well as to degrade to volatiles evolves at low-temperatures [24] . Hemicellolose, on the Figure 2 . TG curves of different particle sizes of cotton stalk. other hand, started its decomposition easily, by with the experienced weight lossparticularly realized between the temperatures: 520 -620 K. This interval is known as the "Primary Combustion Region". In contrast to hemicellulose, the thermal stability value of cellulose is much more higher [24] . In depth, cellulose degradation was happened at a higher temperature range, within the interval of 620 -760 K ("Secondary Combustion Region"). It should be underlined that when the rate of temperature was higher than 760 K, almost all cellulose were degraded by leaving a solid residue in very small quantities behind. The degradation of lignin, on the other hand, occurs in 373 -873 K which means a much wider temperature range compared with other materials experimented.In order to exemplify, the relative mass loss and corresponding combustion rate curves of the (+88-100) m cotton stalk particles are demonstrate in Figure 4 .
In addition, Figure 5 and Figure 6 represent the maximum rate of decomposition (DTG m ) and the temperature of maximum decomposition (T m ) for all particle size ranges in the primary combustion region, respectively. A decrease in the maximum rate of decomposition and an increase in the temperature of maximum decomposition with increasing particle sizes were obtained. Considering the difference between the initial and final weight of the sample after the combustion, the values of total conversion (TC) were identified with respect to the weight of the moisture free solid fed to the system. These values were also shown in Figure 7 for in four particle size ranges. It is observed that total conversion values exhibit a peak with increasing cotton stalk particle size. The reason for this peak is that the mass transfer limitation for the degradation of small cotton stalk particles is not as effective as they are for larger particles. Table   2 .
Combustion of Blends
Blends of (+88 -100) µm particle size cotton stalk with polypropylene were analyzed under the same conditions of combustion. 2/3, 1/2, and 3/2 blending ratios of polypropylene to cotton stalk were implemented by weight ratio. The TG curves of the blends can be followed from the Figure 9 . The curves of the components as well as the mixture were compared to study the catalytic effect of polypropylene on the degradation process of cotton stalk,. The DTG m peak, T m
and TC values for all blends are also shown in Table 2 .
As it can be followed from the Figure 9 , the resulting data obtained from the study presents that polypropylene-cotton stalk blends degrade in a double-sta- are believed to form during the decomposition stage of polymer to its monomers. These radicals further react with the organic content of cotton stalk. These findings mediate for the acceleration of the degradation. Eventually, the quantity of organic content, which can react with polymer in the mixture, decreases because of the decay of the amount of cotton stalk. During the process, the sample mass remained approximately constant below 520 K. Above 520 K, the mass started to decrease sharply and this tendancy continued for 520 -620 K interval for all blending ratios of cotton stalk. As shown in Table 2 , an increase in the value of DTG m with increasing percentage of polypropylene in the blends was examined, when a blend in any ratio of polypropylene to cotton stalk was reacted. The DTG m value of polypropylene is higher than that of cotton stalk.
For the case of all blend ratios, an increase in the values of maximum peak temperature with polypropylene addition was identified for the primary combustion region. It was determined that blends have lower T m values compared to polypropylene ( Table 2 ). The lignin present in the blend is able to produce a high char yield that is responsible for the increase in the blend degradation temperature. The increase is more pronounced for the experiments carried out in air atmosphere, where, the interactions between the polypropylene and the charring lignin lead to the formation of a protective surface shield to reduce the oxygen diffusion towards the bulk polymer [22] . As a result under the experimental conditions, the reaction rate is believed to be controlled by gas diffusion. Also an increase in the TC values with increasing mass amount of polypropylene of the mixtures was examined. Maximum total conversion value was obtained with the combustion of 3/2 polypropylene/cotton stalk blending ratio as 97%.
Kinetic Analysis
Depending 
Arrhenius Model
The expression of the "Arrhenius Model" was simply done with the help of the Equation (1):
Here;
W:the mass of cotton stalk at any time in mg, k 0 : the frequency factor in mg T: the absolute temperature in K, R: the gas constant, n: the total order of the combustion process, and t: the time in minutes.
The logarithmic representation of Equation (1) is as follows:
In order to determine the combustion kinetics of cotton stalk, polypropylene and polypropylene/cotton stalk blends, Equation (2) was applied to the mean of the measured TG and DTG data. Kinetic constants were determined by multiple regression analyses. These are given in Table 3 .
Arrhenius Model (n = 1)
With regard to this model, it can easily be assumed that when the reaction order is assumed to be one (n = 1), the weight loss rate of the total sample depends only on the rate constant, the weight of the remaining sample and the temperature (Equation (3)). The logarithmic expression of Equation (3) yields:
Kinetic constants and determination coefficients were determined by multiple regression analyses and are given in Table 3 .
Coats & Redfern Model
Coats&Redfern [27] developed an integral method, which can be applied to TG data, assuming the order of reactions. The correct order is assumed to lead to the best linear plot, from which the activation energy is determined. The form of the equation, which is used for analysis, is
where α is the mass fraction and β is the linear heating rate. Thus a plot of, log k versus 1/T where
should result in a straight line of slope that equals -E/2.303R for the corrected value of reaction order. In this study, reaction order was taken to be between 0.5 and 2. Determination coefficients of each case was calculated and listed in Table   3 . Kinetic graph of polypropylene was given to explain the kinetic behavior, as an example (Figure 10 ).
Results showed that the values of the kinetic parameters changed with the particle size of cotton stalk and blending ratios of cotton stalk to polypropylene.
A decrease was found in the activation energy values with the increasing cotton stalk particle size through both Arrhenius methods. Obtained activation energies through Arrhenius method (n = 1) were much lower than that of polypropylene . Besides activation energy, the frequency factor is also important in determining the combustion behavior. The same order of magnitude frequency factor values were obtained for all particle sizes with Arrhenius models. The obtained frequency factors of the mixtures were lower than that of polypropylene but higher than that of cotton stalk for both Arrhenius models.
As a result of kinetic effects, the radicals formed during decomposition of the polypropylene react with the organic matter of the cotton stalk in the mixture and accelerate its degradation. An increase was observed in the frequency factor values as the weight percentage of polypropylene in blends was increased.
Through the kinetic analysis it was observed that higher activation energies were obtained by the Coats and Redfern Method with polypropylene and all blends (Table 3 ). In addition, in terms of Coats and Redfern method higher activation energy values were obtained for all blends with respect to cotton stalk and propylene. Determination Coefficient of each reaction was calculated and the highest coefficient of determination was found to be 2 (reaction order) for all blends. The obtained reaction orders were almost the same for cotton stalk, polypropylene and all blends through Arrhenius and Coats and Redfern method.
From the calculations done within each three models, it was seen that the increase of the cotton stalk ratio in blends was caused the decrease of the activation energies.
In most of the previous studies, the order of reaction was presumed and then activation energy and frequency factors were found subsequently. However, in the present study the order of reaction was determined by the proposed kinetic model. Due to the difference of the biomass and polymer, it is difficult to compare results of this study directly with those of the others. The minimum activation energy value obtained from the proposed reaction kinetics appears to be the lowest one when compared to those obtained from the literature (Table 4 ).
However, it should be noted that the subject studies were not conducted under identical conditions.
Conclusions
The effect of particle size on the combustion behavior of cotton stalk and combustion behavior of polypropylene and polypropylene/cotton stalk blends were analyzed under air atmosphere by using the thermogravimetric analyzer. A maximum was observed in the total conversion values with increasing cotton stalk particle size. Polypropylene/cotton stalk blends decompose in a doublestage process as observed for cotton stalk and polypropylene. An increase in maximum decomposition rate value with increasing percentage of polypropylene in the blends was observed. It is concluded that polypropylene accelerates the combustion reaction of organic matter in the cotton stalk. Maximum total conversion value was observed with the combustion of 3/2 polypropylene/cotton stalk blending ratio as 97%.
In the present study, Arrhenius, Arrhenius (n = 1) and Coats and Redfern methods, all based on Arrhenius kinetic theory, were used for kinetic analysis of the data yielded by the TG experiments. It was seen an increase of the cotton stalk ratio in blends was resulted in a decrease on activation energies. The minimum activation energy, 35.8 kJ·mol −1 , was calculated with polypropylene/cotton stalk 2/3 blending ratio through Arrhenius method by assuming the reaction order "1". The calculated frequency factors of the mixtures were lower than that of polypropylene but higher than that of cotton stalk for both Arrhenius models.
The obtained reaction orders were almost the same for all blends, cotton stalk and polypropylene through Arrhenius and Coats and Redfern method.
